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ABSTRACT 
THE SYNTHESIS OF BETA ALUMINA POWDERS 
Arnold van Zyl (NIMR/CSIR, PO Box 395, PRETORIA 0001) 
AUGUST 1987 
Beta alumina solid electrolyte material is conventionally synthe-
sized by the high temperature solid state reaction of a-Al 203 with 
soda and a stabilizer ion such as lithia or magnesia. This reac-
tion requires a reconstructive transformation of the a-Al 203 
oxygen sublattice and results in a two-phase mixture of ~- and 
~ "-Al 203 • 
In order to maximize the preferred ~"-Al 20 3 phase an additional 
peak heat treatment schedule is required. This . work investigated 
the replacement of the a-Al 203 component of the reaction mixture 
with a range of synthetic aluminium hydroxide precursor materials. 
Four different aluminium hydroxide precursors were synthesized 
by the controlled hydrolysis of a common aluminium isopropoxide 
parent material. The oxygen sublattice of each aluminium hy-
droxide precursor was engineered by varying the alkoxide hydro-
lysis conditions. These precursors were used to synthesize beta 
alumina powders by the high temperature solid state reaction with 
soda and lithia, resulting in powders with a nominal composition 
of Lio.3aNal.6sAllo.66017• 
The solid state reactions were monitored by differential thermal 
analysis and thermogravimetric analysis. The structural develop-
ment of the reaction products with increasing temperature, was 
monitored by powder X-ray diffraction. 
A significant observation was the direct formation of single phase 
~"-Al 203 at 1200 °C by the solid state reaction of soda and lithia 
with certain aluminium hydroxides. The work concludes with the 
proposal of a generalized mechanism relating the aluminium hydrox-
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This chapter serves as an introduction to the beta alumina 
solid electrolyte and reviews the application, crystgl struc-
ture, phase relationships, and fabrication techniques of the 
material. 
Beta alumina is a critical component of the ZEBRA high energy 
density battery system [ Coetzer (1986)]. The ZEBRA battery 
consists of a positive electrode which comprises a transition 
metal such as iron or nickel in combination with molten 
NaA1Cl 4 salt. The anode consists of molten sodium and is 
separated from the cathode by a ~"-Al 20 3 solid electrolyte. 
A typical cell configuration of the ZEBRA cell can be written 
as follows: 
A simplified cell reaction can be written as: 
2Na + FeC1 2 ~2NaCl +Fe 
charged discharged 
The FeC1 2 electrochemically active material is insoluble in 
the NaAlC1 4 molten salt and remains associated with the elec-
tronically conductive matrix. This configuration implies two 
distinct sodium ion conducting phases namely NaJUC1 4 and 
~"-Al20 3 • 
At an operating temperature of 250 °C the cell has an open 
circuit voltage of 2.35 and a theoretical energy density of 
more than 700 W/kg. A cross-section of a typical ZEBRA cell 
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FIGURE 1.1: A cross-section of a typical ZEBRA cell 
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The polycrystalline, ceramic ~ "-Al 2D3 solid sodium ion con-
ductor is the focal point of much resesrch and development. 
In addition to having a high sodium ion conductivity at the 
operating temperature of 250 °C, the solid electrolyte must 
have the following properties: 
high electronic resistivity (insulating) 
• toughness and mechanical integrity 
• near theoretical density (above 3.16 g/cm 3 ) 
chemical resistance to sodium and the cathode materials. 
Rankin and Merwin (1916) assigned the prefix beta to a mate-
rial which they considered to be a high temperature modifica-
tion of alumina. This form of alumina was always associated 
with high temperature treated alumina containing high levels 
of alkali or alkaline earth materials. 
Later investigations by Bragg et al. (1931) and Beevers and 
Brohult (1936) showed that sodium oxide was necessary for the 
formation of beta alumina. This pioneering X-ray crystallo-
graphic work proposed the stoichiometry of the beta alumina 
to be Na 20.11Al 2D3 • Peters et al. (1971) subsequently demon-
strated that beta alumina with this stoichiometry is meta-
stable, and is always soda-rich, corresponding more closely 
to a composition, Na 20.xA1 20 3 with x varying between 8 and 9. 
Although the observed non-stoichiometry could often be as-
cribed to the presence of related phases in a single crystal-
lite as reported by Bevan et al (1974), a deviation for ideal 
stoichiometry has been observed in single phase beta alumina, 
indicating an inherent tendency towards non-stoichiometry. 
The most common form of beta alu.ilina contains sodium as a 
cation. Scholder and Marsman (1963) have reported aluminates 
containing cations such as Ca 2+, Ba2+, Sr 2+, Cs+, Rb+, K+ and 
4 
Ag+. This has led to the foreign cation being incorporated 
in the name of the material, such as sodium beta alumina or 
silver beta alumina. 
Throughout the subsequent text the two major crystallographic 
forms of sodium beta alumina will be referred to as ~-Al 20 3 
and ~ "-Al 20 3 • 
1. 2 STRUCTURE OF BETA ALUMINA 
A discussion of the structures of the two beta alumina phases 
will draw largely on the work of M:lsely (1985). The bet a 
alumina group of oxides consists of structures composed of 
slabs of four close-packed oxygen layers interspersed by 
layers with a low atom density which contain the mobile 
sodi un (or other) cations. The close-packed oxide slabs 
accommodate Al 3+ ions i-n both octahedral and tetrahedral 
interstices. 
There are two main subgroups of beta alumina which differ in 
the stacking sequence of layers up the unique axis. The 
first subgroup (p-Al 203 ) which is stacked according to a 
two-fold screw axis, contains a mirror plane through the 
layers of mobile cations and results in hexagonal crystal 
symmetry. The idealized structure of the unit cell of ~-Al 20 3 
is shown in perspective in Fig. 1.2. Figure 1.3 shows a 1120 
section through the structure highlighting the oxygen stack-
ing along the c-axis. The figure shows how the slabs of 
close-packed oxide extend normally to the hexagonal c-axis 
with adjacent slabs held apart by rigid Al-0-Al spacer 
units. Ionic diffusion occurs exclusively within the open 
planes perpendicular to the c-axis. 
The ~"-Al 20 3 subgroup is stacked according to the three-fold 
screw axis, contains no mirror plane and has rhombohedral 
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symmetry. The idealized structure of the unit cell of 
p"-Al 20 3 is shown in perspective in Fig. 1.2. The unit cell 
is 50% larger than that of p-Al 20 3 by virtue of the differ-
ence in stacking sequence, as shown in Fig. 1. 3. Adjacent 
clos~packed oxide slabs are held apart by Al-0-Al spacer 
units, but in this structure alternate sodium atoms sites lie 
above and below the plane through the centre of the cxide 
spacer atoms and the Na+ ion diffusion path encoflllasses a 
finite volume (the conduction slab) rather than a plane as in 
the · p-Al 20 3 structure. Structural parameters for p- and 
p"-Al 20 3 are given in Tables 1.1 and 1.2. 
The beta aluminas are known to be non-stoichiometric com-
pounds. The conduction layers for p-Al 20 3 and p"-Al 20 3 are 
shown in Fig. 1.4 and indicate possible sites for excess 
sodium ion accommodation in the conduction plane. Peters et 
al. (1971) has shown that charge compensation for excess 
sodium can occur by aluminium vacancies in the spinel layers 
or by oxygen interstitial sites in the conduction plane. A 
neutron study by Roth (1976) revealed the presence of a dis-
placed aluminium ion which binds with an interstitial oxygen 
ion in one of the mid-oxygen sites in the conduction plane 
resulting in a complex linear defect. The insertion of such 
an oxygen ion would allow twa extra sodium ions into the con-
duction plane. Potential energy calculations by Wang (1975) 
appear to support the interstition oxygen bound to the dis-
placed aluminium ion as the most energetically favourable 
charge compensation mechanism. 
The high proportion of defect sites for the sodium ions in 
the conduction layers, as well as the open structure of the 
conduction plane irrparts the beta aluminas with the ability 
to conduct sodium ions while remaining electronically insula-
ting. This property of the material makes it an ideal solid 
electrolyte for high temperature batteries. Theoretical as-
pects of the conduction mechanisms in beta aluminas have been 







FIGURE 1.2: Perspective drawing of the idealized structures of 
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FIGURE 1.3: 1120 section through the idealized structure of 
~-Al203 and ~"-Al 20 3 showing the stacking sequence along the 
c-axi s (after Mose 1 y 198 5) 
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8 
FIGURE 1.4: The Na ion sites in the conduction planes of ~- and 
~ "-Al 20 3 (after Mosely 1985) 
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TABLE 1.1: Representative crystallographic information for the 
~-Al 20 3 structure (Peters et al. 1971) 
Hexagonal P 6 3/mmc 
Lattice parameters for a specimen with 6,6 wt% Na 20, 
(Na20)1.2911Al 203 : a= 5,594 A, c = 22,53 A 
i.e. 
Calculated density = 3,25 g cm- 3 
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* These sites refine best when split into 6h sites with 1/ 3 occu-
pancy on each 
+ This site is only partly occupied. The balance of the Al atoms 
switch to a Frenkel defect site near 0,832 x 0,176 and stabilize 
an interstitial oxygen near to an mO site 
++The Beevers-Ross (1937) site. Here occupied ~1,5 per unit cell 
**The mid-oxygen site. Here occupied ~1,0 per unit cell. 
Mean aluminium-oxygen distances 
Atom Co-ordination number Mean Al-0 ( A) 
Al (l) 6 1,92 
A1 (2) 4 1,80 
Al (3)* 4 1,7 5 
I Al(4) 6 1, 90 




TABLE 1.2: Representative crystallographic information for the 
~ "-Al 203 structure (Jorgensen 1981) 
-
Rhombohedral R3m 
Lattice parameters referred to hexagonal axes for a specimen 
with 8,85 wt% Na 20, 0.75 wt% Li 20, i.e. Nal.72All0.66Lio.30017 
a = 5,610 A, c = 33,463 A 
Calculated density = 3,28 g crrr 3 
Atomic positional parameters 


































































+ In the ~ "-Al 203 structure the Beevers-Ross (BR) and anti-
Beevers-Ross (aBR) sites are crysallographically equivalent. 
Here occupied ~1,32 per unit cell 
++The second set of sodium positions occurs in pairs (only one of 
which can be occupied) centred on the mid-oxygen site. Here oc-
cupied ~3,69 per unit cell 











* Constituting part of the Al-U-Al spacer column. 






1.3 PHASE RELATIONSHIPS 
A comprehensive phase diagram for the Na20-Al203 system based 
on previous literature was suggested by De Vries and Roth 
(1969). It is asslJTled that ~"-Al 20 3 is metal3table in the 
binary system, forming at around llOO °C and i rrevers i bly 
deCOfl'llOSing to ~-Al203 and o-NaA102 above 1550 °C. Subse-
quent phase diagrams for the binary system have been publish-
ed by Weber and Venera (1970) and by Le Cars et al. (1973). 
Figure 1.5 represents the most recent phase diagram for the 
binary system suggested by Le Cars et al. (1973). The hatched 
region corresponds to the existence of both ~-Al 20 3 and 
~ "-Al 20 3 phases. 
Dopant ions with an ionic radii between 0.6 and 0.9 A such as 
lithium, cobalt, magnesium and zinc stabilize the ~"-Al 20 3 
structure at high temperatures. These dopants substitute for 
the tetrahedrally co-ordinated alumini urn on site Al(Z ) (see 
Table 1.2) and occupy this site with less strain than the 
smaller aluminium ion. An application of Pauling's rules, 
(Pauling, 1963), to the stoichiometric ~"-Al 20 3 structure 
indicates that there is an aggregation of positive charge at 
the centre of the spinel blocks and a negative charge at the 
walls of the conduction planes. West (1979) has suggested 
that the substitution of the tetrahedrally co-ordinated 
aluminium ion on Al(2) sites by a larger monovalent or diva-
lent cation such as lithium or magnesium would equalize the 
charge distribution in the spinel block and thereby stabilize 
the ~ "-Al 20 3 phase. 
The ternary phase diagram for Na 20-Li 20-Al 20 3 was published 
by Duncan and West (198 3). Figure 1.6 is a revised diagram 
of the ternary system indicating -c he area of ~"-Al 20 3 stabil-
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FIGURE 1.5: The phase diagram for the soda-alumina system 
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FIGURE 1.6: The revised ternary phase diagrams for the soda 
lithia-a1unina system (D.mcan 1985) 
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1.4 THE FABRICATION OF BETA ALUMINA TUBES 
The beta alumina tubes used in high energy density cells need 
to meet stringent requirements of structural integrity, di-
mentional control and ionic conduction properties. To obtain 
this combination of properties within closely defined cost 
goals, requires a sound understanding of the processing and 
property relationships of this material. 
The fabrication of beta alumina consists of three principle 
stages. The first stage consists of powder preparation 
starting with an intimate mixture of precursor powders which 
are reacted at about 1200 ° C to form beta alumina powder. 
The second step consists of powder consolidation into the 
required shape (green body). The last step of the process is 
high temperature sintering, which produces a dense polycrys-
t alline material. The performance and properties of the 
artefact are strongly dependent on all the above processing 
steps. A review of each processing step follows. 
Beta alumina powder has been prepared by the mechanical mix-
ing of cx-Al 203 with salts of sodium and stabilizer dopants 
such as magnesium or lith1um which were subsequently reacted 
to produce a powder of the desired composition. An example 
of this approach is the ball milling of cx-Al 2D3 , Na 2C0 3 and 
Li N0 3 under acetone as described by Johnson et al. (1979). 
Reactant diffusion distances during reaction are limited by 
the mean particle size of the precursor mix. This method 
requires high reaction temperatures and subsequent milling of 
the reaction product. Furthermore material with poor dopant 
distribution is produced. 
Increased dopant distribution is achieved by the use of the 
zeta process (Vikar et a!., 1978). This process starts with 
the preparation of the zeta LiA1 508 spinel by the solid state 
reaction of cx-Al 203 and an appropriate Li salt. The zeta 
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spinel is then ball-milled with a sodiun salt and a-Al 20 to 
form beta alumina powder of desired composition. 
Large quantities of beta alumina powder can be prepared con-
veniently by the spray drying of a milled, 50% solids con-
tent, aqueous slurry containing a-Al 20 3 , soluble sodium and 
stabilizer salts. Vogel et al. (1981) demonstrated that th:s 
method produces a powder which is · suitable for reaction 
sintering. 
A number of chemical synthesis techniques for beta alumina 
production have been reported. These techniques are aimed at 
attaining a more homogeneous mix of reactants and include the 
use of metal alkoxide precursors [ Mbrgan (1976), Yoldas and 
Pantlow (1980) ] 1 sol-gel processi ng [ Gordon (1976 ) , Chandry 
and Cannon (1978) J and solution spray freezing [ Green and 
Hutchinson (1980), Pekarsky and Nicholson (1980) ]. 
Beta alumina tubes have been formed by dry bag isostatic 
pressing [Deplanches (1980)], extrusion [ Pettet al. (1982) ] , 
slip casting [ Byckalo et al. (1976) J or electrophoretic depo-
sition [ Powers (1975) ] . In a recent review [ Duncan (1985)] 
it was reported that at present the only feasible forming 
techniques are electrophoretic deposition and dry bag iso-
static pressing. The other techniques do not produce tubes 
with sufficiently high sintered densities. 
Beta alumina is usually sintered above 1 585 °C, the binary 
eutectic, to achieve acceptable densities (above 3 ,16 g/ cm 3 ). 
Sintering techniques need to overcome three problems: 
i) soda evaporation 
ii ) development of duplex microstructures, and 
iii) maintenance of high proportions of ~"-Al 20 3 phase . 
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Soda loss can be minimized by encapsulation in magnesia tubes 
[Sudworth (1975)], platinum [Youngblood et al. (1977)] or by 
the use of beta alumina setter powders [Fally et al. (1973) ]. 
Exaggerated grain growth, resulting in a duplex microstruc-
ture can be repressed by rapid sintering in a zone furnace 
[Tan and May (1977)]. In this process grain growth is re-
pressed but conversion to ~"-Al 20 3 must be allowed for in a 
post-sintering annealing stage [May (1978)]. 
In conventional batch sintering the duplex microstructure is 
avoided by the use of the double peak sintering schedule sug-




Conventionally, beta alumina powders are synthesized by the 
solid state reaction of a high purity a-Al203 with suitable 
soda and lithia precursors. This synthesis technique has two 
principle disadvantages: The reaction product contains a 
mixture of ~-Al 20 3 and ~"-Al 20 3 and requires a double peak 
firing schedule to maximize the ~ "-Al 20 3 content [Duncan and 
Sugden (1981) J. High purity a-Al 20 3 is relatively expensive 
and recent cost models have shown that approximately a third 
of the total electrolyte cost can be ascribed to the a-Al 20 3 
raw material cost [Conradi (1986)]. The high cost derives 
from purification (soda removal) and the calcination of the 
aluminium hydroxides above 1200 °C to produce high purity 
c:-Al 20 3• 
Barrow (1986) and Van Zyl et al. (1985a) reported that 
certain aluminium hydroxides can be used to 3ynthesize 
~ "-Al 203 powders without intermediates at 1200 ° C when 
reacted with sodium and lithium salts. No systematic study 
of the use of aluminium hydroxides for the preparation of 
beta alur:1ina powders has been reported. This thesis deals 
with the synthesis ar.d characterization of beta alumina 
powders derived from a range of synthetic aluminium hydroxide 
materials. As an introduction to tha study, Chapter 2 
contains a r-eview of the classification, structure, phase 
relationships, dehydroxylation and reordering sequences of 
the aluminium hydroxide materials. Finally a review of the 
reported crystallization mechanisms of beta-alumina is 
presented. 
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2.2 CLASSIFICATION OF ALUMINIUM HYDROXIDES 
The aluminium hydroxides can be divided into three categories 
wnich are further subdivided as shown in Table 2.1. At pres-
ent two sets of accepted nomenclature are applied to the 
aluminium hydroxides. Because of its familiarity the nomen-
clature suggested by Ginsberg et al. (1957) will be used. In 
the internationally accepted crystallographic nomenclature, 
the prefix a is applied to hexagonally close-packed and re-
lated structures, while the phases prefixed by y, denote 
cubic clcse-packed lattices or structural elements of this 
symmetry. An alternative nomenclature suggested by Weiser 
and Milligan (1934) extends this convention to aluminium 
hydroxides. 
TABLE 2.1: The categorization of aluminium hydroxides 
Ginsberg et al. (1957) Weiser & Milligan (1934) 
Amorphous-alumina "X-ray indifferent" Amorphous 
hydrates 
boehmite y-alumini um 
Aluminium Oxide monohydrate 
Hydroxides 
(AlOOH) diaspore a-aluminium 
! monohydrate 
I 
gibbsite or y-alumini um 
hydragllite trihydrate 
Aluminium 
T r ihyd roxides bayerite a-aluminium 
(Al(OH) 3 trihydrate 
nordstrandite -
The alumini urn hydroxides are important commercial products 
and are obtained by the chemical treatment of bauxite ores in 
the Bayer process. Each aluminium hydroxide will be discussed 
with reference to its preparation, occurrence and structure. 
2.2.1 
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~orphous alunina hydrates 
The first attefllJt to classify aluninium hydroxides derived 
from gels was made by WillstUtter et al. (1925) who disting-
uished between three forms Ca, C~ and Cy. According to 
Kraut et al. (1942), Fricke and Schm8h (1948), Souza Santos 
et al. (1953) and Watson et al. (1957), Ca is amorphous and 
the water content corresponds to a trihydroxide. Upon aging 
this material transforms to cj3 which has structural ele-
ments similar to boehmite. After several weeks C~ can be 
converted to CY by aging in ail alkaline solution. CY col'-
responds to a mixture of bayerite and boehmite. 
The gels can be prepared in different ways: 
According to Torkar and Egghart (1961), the hydrolysis of 
Al(OC 2H5 ) 3 at 0 °C yields an "X-ray indifferent" product. 
The gel can be made to transform to bayerite or boehmite by 
hydrothermal treatment. Teichner (195 3) prepared pure amo r-
phous aluminas by the action of water vapour or heat on 
alumini urn methylate. The water content of the amorphous 
materials varies with the temperature of treat~ent. Precipi-
tates from aluminiu~ methylate cecomposed at low temperature~ 
had a surface area of 300 m2g- 1 , and an X-ray pattern with 
weak halos at 4, 5, 2, and 1,4 A. Papee et al. (1958) de-
scribed an amorphous alumina gel prepared by precipitation of 
aluminium nitrate at p-1 8 with ammonia, followed by rapid 
washing and drying under vacuun at 25 °C to constant weight. 
The composition oT the product was Alz03•3,45H 20. Its surface 
area was 170 m2g- 1 • It showed a broad X-ray band at ~1~4 A. 
Except for material prepared at a pH above 7, or at elevated 
temperatures, the initial product is always "X-ray indiffer-
ent". Petz (1968) investigated the structure of the amorphous 
precipitates by X-ray scattering techniques. According to 
this author, aluminium ions are surrounded by six oxygen 
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a toms in octahedral configuration. fh is is the same coordi-
nation as in crystalline oxides or hydroxides. Since hydrogen 
has a low X-ray scatter cross-section, the data does not dif-
ferentiate between O, (OH), and H20. The second nearest 
neighbours of the aluminium ion are arranged i n tetrahedral 
configuration, similar to that in liquid water. Marboe and 
Bentur (1961) postulated that in aqueous solutions of Al ions 
the nearest and second nearest neighbours are H20 mole~ules. 
Adding a base to the solution will extract protons from the 
hydration shells. As a result, dipolar ions form v:nich 
cluster together. The authors consj_dered the initially-form-
ed gel not to be a hydroxide, but rather a distorted water 
matrix immobilized by Al and (OH) ions. For each (OH)-site 
occupied by an H20 molecule the clusters (micelles) retain a 
positive charge. This explains the strong adsorption of 
anions by freshly-precipitated gels. 
Transformation to crystalline hydroxide (aging) is controlle1 
by the rate of replacement of H20 by (CH) ions. The final 
product of ths aging process is crystalline Al (OH ) 3 , if the 
(OH) concentration i3 sufficiently high. 
According to Ginsberg et el. (1961), Lippens (1961) and Bye 
and Robinson (1964), boehmite occurs as the first X-ray crys-
talline farm in the aging sequence. It is assumed by Fein-
knecht et a l. (1961) that boehmite is formed by a topochem-
ical reaction. This can be explained by the mechanism propos-
ed by Marboe and Bentur (1961): The micelles, i.e. the ini-
tially-formed solid, contain (OH) and H20 in varying propor-
1--.. 1ons. If an (OH) i on reacts topochemically with another 
(OH), rather than replacing an H20, a new water molecule is 
formed, leaving an oxygen ion in the solid: 
Al- (OH) + (GH) + Al-0 + H20 
Consequently, the micelles are transformed to Al [( O)- (OH)-
(H20)] complexes, a '::OrTJ,Josition which corresponds with the 
idealized formula for pseudoboehrnite. 
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2.2.2. Altniniun Oxide Hydroxides 
2.2.2.1 Boetuite and Pseudoboetnite 
Aluminium oxide hydroxides can be precipitated by neutraliz-
ing aluminiun salt or aluminate solutions at temperatures 
near and above the boiling point of water. Treating amalga-
mated (activated) aluminiun with boiling water is another 
method of preparation. The reaction product formed on the 
surface of the aluminiu;n metal consists of "X-ray indiffer'-
ent" material and pseudoboehmite i.e., the poorly crystal-
lized hydrated form. 
Pseudoboehmite is often confused with the chemically and 
structurally different we-ll-crystallized boehmite and there 
is some disagreement in literature on the occurrence of boeh-
mite at low and moderate temperatures. The diffraction pat-
tern of pseudoboehmite shows broad bands which coincide with 
the strong reflections of the well-crystallized material. 
Papee, Tertian and Biais (1958) studied the differences 
between well-crystallized hydrothermally prepared boehmite, 
and pseudoboehmite. They pointed out that pseudoboehmite 
cannot be considered simply a finely divided or poorly crys-
tallized aluminium oxide hydroxide. The difference in struc-
ture was indicated by the strong variation in the 020 X-ray 
reflection, which increased from 6,11 A for crystalline boeh-
mite to between 6,6 and 6,7 A for the pseudoboehmite forms. 
Furthermore, the X-ray pattern did not show the usual modifi-
cations observed for distorted crystals. In hydrothermal 
evolution experiments, pseudoboehmite was progressively con-
verted to crystalline boehmite. Even under mild conditions 
(18 hours at 200 ° C), there was a significant shift of the 
020 X-ray reflection from 6,6 to 6,19 A and a substantial de-
crease of the excess water from 60 to 12%. Under more severe 
conditions (18 hours at 285 °C), the excess water fell to 1%, 
while the X-ray pattern showed only slight differences from 
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that of the crystalline boehmite. After a treatment of 48 
hours at 300 °C, pseudoboeh~ite reached the theoretical 
composition of AlOOH and showed an X-ray pattern similar to 
crystalline boehmite. The excess water is thus not to be 
considered as merely adsorbed at the surface of a finely 
divided solid; it is rather situated between the elemental 
structure layers, thus leading to an enlargement of the basal 
spacings. 
Samples of pseudoboehmite usually contain water in excess of 
the theoretical 15%. Goton (1955) proposed that this water 
is probably bound as Al(OH) 3 • But Tertian and Pa~e (1958 ) 
do not accept this hypothesis. They considered the excess 
water as intercrystalline, thus suggesting a fundamental 
difference in structure between boehmite and pseudoboehmite. 
Formation of boehmite by a solid state reaction has been ob-
served when gibbsite is heated in air to temperatures between 
110 and 300 °C. Conversion of the trihydroxide to measurable 
amounts of boehmite requires the rapid heating of coarse par-
ticles. It is therefore assumed that high water vapour press-
ures generated within large gibbsite grains during rapid 
dehydroxylation lead to the formation of the aluminium oxide 
hydroxide. Gibbsite heated above 100 °C under water or 
dilute alkaline solutions is quantitatively converted to 
boehmite. 
The structure of boehmite as described by Ewing (193 5), 
Reichartz and Fast (1946), and Milligan and McAtee (1956) 
consists of layers which are composed of chains formed by 
double molecules of AlOOH which extend in the direction of 
the a-axis. Hydroxyl ions of one double layer are located 
over the depression between hydroxyl ions in the adjacent 
layers. The double layers are linked by hydrogen bonds 
between hydroxyl ions in neighbouring planes. Average 0-0 
distance of the hydrogen bridges is 2,70 A. Boehmite crystals 
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exhibit perfect cleavage perpendicular to the general direc-
tion of the hydrogen bonding. 
2.2.2.2 Diaspore 
2.2.3 
Since diaspore is usually associated with older bauxites and 
metamorphic rocks, high pressure and elevated temperature are 
considered necessary for the formation of this mineral. The 
hydrothermal synthesis of diaspore by Laubengayer and Weiss 
(1943) at tefTl)eratures above 400 °C seemed to confirm this 
theory. 
In diaspore the oxygen ions are nearly equivalent, each being 
joined to one other oxygen by way of a hydrogen ion and being 
arranged in hexagonal close packing. In the hydrogen bridges 
the 0-0 distance is 2,65 A. The compact arrangement explains 
the greater density of this oxide hydroxide and the low fre-
quency of the OH-stretching vibration shown by infrared 
absorption. 
Diaspore is the only aluminium hydroxide which converts di-
rectly to ct-alumina upon heating. This phenomena is related 
to the hexagonal packing arrangement of the oxygen atoms. 
Alumini~ Trihydroxides 
2.2.3.1 Gibbsite 
Gibbsite usually contains a few hundredths to several tenths 
of a percent of alkali metal ions. The highest alkali con-
centrations are found in technical trihydroxides produced in 
the Bayer process. Ginsberg and Koster (1952) and Wefers 
(196 5) showed that sodi urn is atomically dispersed in the 
crystal lattice of gibbsite. Occlusions of solid NaOH in the 
grains were not detected. 
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There is strong evidence in the li~erature, [Ginsberg et al. 
(1962), Torker et al. (1960), Saalfeld et al. (1968) ] , that 
alkali metal ions are necessary to stabilize the gibbsite 
structure. This mineral should t~erefore not be considered a 
pure aluminium trihydroxide, but rather a ternary compound. 
The structure was determined by Megaw (1934) and was later 
refined by Saalfeld (1960 ) . Gibbsite is usually monoclinic 
with a space group P21/ n, or C
5 zh· Double layers of OH 
ions, with Al ions occupying two thirds of the octahedral 
interstices within the layers, form the basic element of this 
lattice. Each double layer is positioned with respect to its 
upper and lower neighbours in such a way that hydroxyl ions 
of adjacent planes are directly opposite each other. Thus, 
the sequence of OH ions in the direction perpendicular to the 
planes is [ •• ABBA ABBA •• ]. This superposition of layers 
and the hexagonal arrangement of the Al ions leads to chan-
nels through the lattice parallel to the c-axis. Hydrogen 
bridges, originating from the dipoles, operate between OH 
groups of adjacent double layers. 
2.2.3.2 Bayerite 
Fricke and Wullhorst (1932) prepared bayerite by neutraliza-
tion of a sodium aluminate solution 1~ith carbon dioxide at 
20 °C. According to Fricke and Jockers (194 7) bayerita l s 
also obtained by hydrolysing al~inium alconolates at temper-
atiJres below 40 °C. Torkar and Bergmann (196 0) produced 
extremely pure bayerite electrolytically, using platinum 
cathodes, aluminium anodes and H20 2 as an electrolyte. 
A method of preparing well-crystallized bayerite was describ-
ed by Sc hm8h (1946). This author immersed slightly amalga-
mated allJTlinium in water for ::>everal days. According to 
Lippens (1961), th .is methcd gives the best results when the 
water is free of ~lectrolytes and has a pH of 7. 
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The crystal latti8e of bayerite is composed of layers of hy-
droxy.!. ions similar to those in gibbsite. These layers are, 
however, arranged in an [ .•• AB AB AB ••• ] sequence; hydroxyl 
ions of the third layer lie in the depressions between OH 
~osii:ions of the second one. ,1\l though the arrangement corres-
ponds to a hexagonal close packing of spheres, the symmetry 
5 of bayerite is monoclinic, space group P21/n or C 2h 
[ Unmack (1951) J. 
Rothbauer, ligan and 0 'Daniel (1967) refined the bayerite 
structure by X-ray powder and neutron diffraction measure-
ments. The authors confirmed the spac9 group determined by 
Unmack (1951). They proposed a distribution of hydrogen 
according to which approximately one third of the hydrogen 
atoms occupy octahedral interstices within the d~uble layers. 
Two thirds of the existing octahedral voids are filled by 
aluminium. ihe remaining hydrogen atoms are locqted in tetra-
hedral interstices between two double layers, acting as 
hydrogen bridges. 
2.2.3.3 Nordstrandite 
Van Nordstrand, Hettinger and Keith (1956) published an X-ray 
diagram of an aluminium trihydroxide which diffe~ed from the 
diffraction patterns of gibbsite and bayerite. They obtained 
this trihydroxide by precipitating a gel from aluminiurn chlo-
ride or nitrate solutions with ammoni:..~m hydroxide. 
Upon aging under the mother liquor at a pH of 7,5 to 9 the 
gel converted to the crystalline phase. Van Nordstrand pro-
posed the name bayerite II, since structure and growth feat-
ures were closely related to ~hose of bayerite. In honour of 
the author, this trihydroxide was later called nordstrandite. 
Saalfeld and Jarchow (1968) refined the structure, pointing 
out that the sequence of layers is [ ••. AB AB AB ••• J as in 
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bayerite; on the other hand, OH ions of adjacent double 
layers are located opposite each other. This places the lat-
tice of nordstrandite between those of bayerite and gibbsite. 
Although the technical production of nordstrandite is covered 
by patents [Hauschild 1964 (a) (b)], the m11terial has not 
been used commercially to date. 
2.3 PHASE RELATIONSHIPS IN THE ALUMINA - WATER SYSTEM 
The aluminium hydroxides, Al(OH) 3 , and AlOOH and Al 20 3 are 
the compositions of the three groups of aluminium compounds 
which exist in the alumina - water binary system. 
The stability relationships of bayerite, gibbsite and nard-
s trandite have been investigated by Ginsberg et al. (1961) 
and it has been shown that bayerite is the most stable tri-
hydroxide. Wefers (1967) has also pointed out that gibbsite 
does not have a field of stability in the Al 20r-H 20 binary 
system since all the samples investigated contained sodium 
ions in the lattice. 
The mutual stability relationships of the aluminiun trihy-
droxides can be explained from a structural point of view. 
As demonstrated, the structures of gibbsite, bayerite and 
nordstrandite differ only in the stacking sequence of a com-
mon structural element, the Al 2 (0H) 6 layer. All main valen-
cies of the Al 2 (0H) 6 are satisfied within the layer. Only 
relatively weak forces operate between the layers. It has 
been shown in the preceding sections that the method of prep-
aration determines the structure and the degree of crystal-
linity of the final product. Neither gibbsite nor nordstran-
dite can be prepared free of impurities [ Hauschild (1963)], 
suggesting that foreign ions or molecules included in the 
lattice affect the stacking sequence of the Al 2 (0H) 6 layers. 
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The phase diagram for the Al 20 3-H 20 system was first publish-
ed by Ervin and Osborn (1951) and was later modified by 
Kennedy (1959). Neuhaus and Heide (1975) confirmed Kennedy's 
phase diagram. 
Under hydrothermal conditions Al(OHh transforms to AlOOH at 
approximately 100 ° C. No differences in the temperature of 
conversion have so far been reported fa~ bayerite, gibbsite 
or nordstrandite. Be low 300 to 320 ° C the spontaneously 
crystallizing phase is boehm.it e. Ginsberg and Koster (195 2) 
found that sodium ions, i.e. a slight alkalinity of the solu-
tion, considerably increased the rate of transformation to 
boehmite. 
Spontaneous growth of diaspore occurs above 300 ° C and 200 
bar pressure. Using natural diaspore as a seed, Laubengayer 
and Weiss (1943) transformed boehmite to diaspore at 280 °C 
under the pressure of saturated water vapour. In hydrothermal 
experiments, Neuhaus and Heide (1975), grew diaspore from 
mixtures of boehmite and diaspore above 180 °C. The reverse 
reaction was never observed. They concluded that boehmite is 
metastable but kinetically favoured at low teril)eratures and 
pressures. 
From the phase information it is clear that all the trihy-
droxides can be converted to the boehmite by hydrothermal 
treatment. Large crystals of the trihydroxides also trans-
form to boehmite because of the micro-autoclaving conditions 
created by the accumulation of steam within the crystallites 
during the early stages of dehydroxylation. 
Thermal analysis combined with X-ray diffraction studies have 
confirmed this hypothesis. 
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2.4 THERMAL DEHYDROXYLATION AND SUBSEQUENT REORDERING OF ALUMI-
NIUM HYDROXIDES 
When the aluminium hydroxides are heated, more than 98 per 
cent of the lattice water is removed below 600 ° C. Before 
transformation to a-alumina occurs at 1200 °C, the aluminium 
hydroxides proceed via a series of irreversible transition 
aluminas. The interrelationship between the aluminium 
hydroxides and the transition alumina forms is presented in 
Table 2.1. 
A general mechanism for the thermal decomposition of alumi-
nium hydroxides has been proposed. The first step involves 
the diffusion of protons between the layers [ F einknecht et 
al. (1961)] which then react with the bridging OH groups to 
form water [Freund 1967)]. This process removes the binding 
forces between the strata causing chemical, physical and 
structural changes within the layers. Separation of the 
layers, distortion of the octahedra as well as the formation 
of areas of short range order are the result. The proton 
mobility is determined by the nature of the hydroxides, the 
presence of foreign ions, the distance between the layers 
(basal spacing) and the registry between the adjacent layers. 
It has been reported that several variables influence the 
nature of the structural transformations of the aluminium 
hydroxides when heated. The transformations are influenced 
by the pressure, atmosphere, heating rate and particle size 
of the starting material. The influence of these variables 
on the transformations is depicted in Table 2.1. 
The dehydroxylation and structural transformations of the 
aluminium hydroxides have been extensivly reported by Goton 
(1955) and Lippins (1961) (well-crystallized boehmite), 
Abrams and Louw (1969) (pseudoboehmite), Torkar and Egghardt 
(1961) (bayerite) and Eyrand (1965) (gibsite). The detailed 
transformations are shown in Table 2.1. 
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The transition aluminas cannot be considered to be polymorphs 
of /\1 20 3 as the materials contain small amounts of hydrogen 
ions which impart their unique structures. The transformation 
sequences are not reversible as none of the high terrperature 
forms can be converted to lower temperature forms. Transition 
aluminas can be regarded as thermodynamically unstable, rea-
sonably reproducible, states of structural reordering exist-
ing between the aluminium hydroxides and a-alumina. This 
view is supported by the fact that the nature of the alumi-
nium hydroxide starting material determines thermal decompo-
sition behaviour and the type and sequence of intermediate 
aluminas formed. 
The first systematic structural classification of the trans~­
t ion aluminas was published by Stumpf (1950). The transfor-
mation sequences are influe~ced by many variables and consi-
derable difficulty in the interpretation of X-ray patterns 
arises because of ~he similarity and broadness of the reflec-
tions. Electron and neutron diffraction techniques are more 
suitable· for the study of the intermediate structures but it 
has been reported by Ginsberg et al. (1961) that electron 
bombardment under high vacuum causes a change in the outer 
layer of the sample under investigation, thereby influencing 
the results. A sunmary tJf the structural properties of the 
transition aluminas is presented in Table 2.2. 
Krischner (1971) categorized the dehydroxylation products 
(transition aluminas) of the aluminium hydroxydes according 
to the oxygen stacking order of the materials. An a-, ~­
and y-series was identified. Diaspore belongs to the a 
series with an [ •• AB AB •• J stacking of the oxygen sub-
lattice. Gibbsite, when dehydroxylated produces material 
with a [ •• ABAC ABAC •• ] sublattice and is classified as a ~­
series material. When dehydroxylated, hydrothermal boehmite, 
bayerite and nordstrandite produce materials belonging to the 
y-series with an [ .• ABC ABC •• ] ox]gen sublattice stacking. 
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TABLE 2.1: Composition sequence of aluminium r.ydroxides 
Conditions favouring transformations 
Conditions Path a Path b 
I 
Pressure > 1 atm. 1 atm. I I 
Atmosphere tvicist air dry air I 
Heating rate >1 ° C/min <1 ° C/mi n I 
Particle size >100 microns <10 microns I 
b I 
~IBBSITE I I CHl I I KAPPA I •I 'ALPHA I' 
a I 




l ALPHA l I I I BAYERITE t--r-- ETA THETA I 
PSEUDOBOEHMITE i 
i I 
I r r 
DIASPORE ALPHA 
1'--1 __ _..... .____ _ ___.II 
I 
100 200 300 400 500 680 700 800 900 1000 1100 1200 
Note: Enclosed drea indicates re>nge of occurrence. Open area 
indicates range of tr~nsition. 
31 
TABLE 2.2: Structural properties of transition aluminas 
MOL£[lJLES UNIT AXIS LENGTH, A 
SPACE PER DENSITY 
FORM CRYSTAL SYSTEM GROUP ~.JNIT CELL a b c ANGLE gem 
Gamma Tetragonal - - 5,62 7,80 - - 3,2 
Delta Orthorhanbic - 12 4,25 12,75 10,21 - 3,2 
Tetragonal - - 7,96 - 23,4 - -
Eta Cubic (Spinel) 0 10 7,90 - - - 12,5-3,6 
Theta MJnoclinic c 4 11,24 5,72 11,74 103'20 3,56 
Chi Cubic - 10 7,95 - - - 2,0 
Hexagonal - - 5,56 - 13,44 - -
Hexagonal - - 5,57 - 8,64 - -
Kappa Hexagonal - 28 9, 71 - 17,86 - 3,1-3,3 
Hexagonal - - 9, 70 - 17,86 - -
Hexagonal - - 16,78 - 17,86 - -
Iota Or thorhcrnbic - 4 7, 73 7,78 2,92 - 3,71 
Or thorhontlic D or C 3 7,59 7,67 2,87 - 3,0 
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2.5 BETA ALUMINA CRYSTALLIZATION PATHWAYS 
Some suggested mechanisms by which beta alumina is formed 
when alumina or certain of its precursors are reacted with 
soda and stabilizer ions have been reported. 
A crystallization pathway often observed by workers preparing 
~-Al 20 3 by chemical synthesis [Takahashi and Kuwabara (1980)] 
involved the formation of a m-Al 20 3 phase. Intermediate 
m-Al 20 3 has a structure in which the sodium ions occupy in-
terstitial positions in alternate oxygen close-packed layers 
in a mullite-like lattice. A prerequisite for the formation 
of m-Al 20 3 phase is atomic mixing of the reactants. The 
existence of m-Al 20 3 is often used as a criteria for deter-
mining how well the reactants are mixed prior to reaction. 
Hodge (1983) observed that the hydrolysis of a mixed (Al Mg) 
alkoxide in the presence of a sodium alkoxide produced 
m-Al 20 3 a.t about 600 °C. At 700 °C most of the m-Al 20 3 had 
transformed to ~-Al 20 3 • At 1200 ° C the powder contained pure 
~-Al20 3 • 
The preferred ~ "-Al20 3 phase is stat-ilized by the addition of 
small amounts of Li 20 or MgO to the Al 20 3 and Na 20 reaction 
mixture. On the basis of a dilatometric and X-ray diffraction 
study, Sugden and Duncan (1979) suggested that the solid 
state reaction of 84 mole per cent a-Al 20 3 with 13 mole per 
cent Na 20 and 3 mole per cent Li 20 produced a sodium alumi-
ni urn intermediate at 800 °C. At a ten-perature of about 
ll50 ° C the sodium aluminate reacted with some of the resi-
dual a-Al203 to form ~-Al 20 3 with a nominal composition of 
Na 20.11Al 20 3• Since the overall composition was Na 20.6Al 20 3 
residual sodium aluminate was available. Above 1200 °C some 
~-Al 20 3 •nas converted to ~"-Al 20 3 with the residual sodium 
aluminate disappearing. After heating at 1200 °C to equili-
brium, the solid state reaction produces approximately 60 per 
cent ~-Al 20 3 and 40 percent ~ "-Al20 3• These results were 
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confirmed by Vogel et al. (1981) and subsequently by Hodge 
(1983) for powders containing a:-Al 20 3 and Na and Li salts. 
In none of the above cases XRD peaks corresponding to the 
lithium-rich phase were observed. 
Another crystallization pathway produces the so-called inter-
grown ~/~"-Al 20 3 structure. The intergrown ~/~"-Al 20 3 struc-
ture is characterized by the fact that a powder XRD pattern 
of the . material shows distinct peaks for the reflections 
which are common to ~ and ~ "-Al 2D3 while the peaks which are 
unique to ~'~Al 2D 3 and ~-Al 20 3 are poorly resolved and give 
rise to a diffuse reflection. The intergrown structure has 
been reported for materials that were synthesized from dis-
ordered transition aluminas (y-Al 20 3 ) [Po ulieff et al. 
(1978)]. The disordered transition aluminas generally result 
from the low terrperature calcination of chemically prepared 
alumina precursors. Poulieff et al. (1978) suggests that the 
a:-Al 20 3 + ~-Al 20 3 transformation is topotactic. Such a mech-
anism requires the diffusion of sodium ions into the struc-
ture. The highly disordered Y-Al 20 3 structure is retained 
and the stacking faults are inherited by the intergrown 
~-Al 20 3• 
This mechanism makes no reference to the form, if any, of a 
sodium aluminate intermediate and does not specify the diffu-
sion mechanism (pore or solid state) of the sodiun ions or 
the role of the lithium ions. Hodge (1983) postulated that 
the disordered y-Al 20 3 acts as a substrate for the epitaxial 
nucleation of ~- and ~"-Al 2D 3 followed by the growth of these 
phases. Sodium ions are transported by the ~ or ~"-Al 20 3 to 
the reaction interface. The model does not address the pos-
sibility of the formation of a sodiu~ aluminate intermediate 
and does not adequately explain the reason for both ~ and 
~ "-Al 203 nucleation on the disordered y-Al 20 3 substrate. The 
role of the stabilizer ion is not referred to. 
34 
It is clear that no consensus exists on the nature of the re-
action mechanisms by which ~~~ "-Al 20 3 is formed from a diso r-
dered transition alumina. Furthermore, no systematic study 
of the synthesis of beta-alumina from a wide range of alumi-
nium hydroxides has been reported. This thesis will attempt 
to relate the nature of the aluminium hydroxide precu~sor to 
the transition alumina formed upon dehydroxylation and ulti-
mately to the nature of the resulting beta alumina powder 
formed upon reaction with soda and lithia. 
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This chapter deals with the synthesis and characterization of 
a range of high purity aluminium hydroxides precursors from a 
common parent material. The physical and chemical properi:i es 
as well as the dehydroxylation behaviour and crystallization 
pathways of the materials will be reported. 
3.1 SYNTHESIS OF HIGH PURITY ALUMINIUM HYDROXIDE MATERIALS 
Van Zyl et al. (l985b) indicated that commercial aluminium 
hydroxides show substantial variability with respect to im-
purity levels, preparation methods, . dehydroxylation behaviour 
and particle size. In order to make a comparative study of 
the synthesis of beta alumina from aluminium hydroxide pre-
cursors, it was necessary to synthesize high purity, well-
characterized aluminium hydroxide ~aterials to eliminate the 
effects of the variations mentioned in the above. 
Yoldas (1973) showed that the hydrolysis of aluminium elk-
oxides is a convenient method for the synthesis of high 
purity aluminium hydroxides. Aluminium alkuxides of high high 
purity with a general formula Al(OR) 3 can be synthesized by 
the technique reported by Bradley (1978): High purity 
(99.999%) Al metal is refluxed with excess isopropanol (doub-
ly distilled spectrapure material) in the presence of trace 
amounts of HgC1 2 catalyst. The aluminium metal converts to 
alumini urn isopropoxide after refluxing in teflon-lined con-
tainers for 24 hours. The reaction product is vacuum-distill-
ed and recrystallized from high purity toluene to produce 
aluminium tri-isopropoxide. This material is subsequently 
hydrolysed ~'4ith high purity water under different temperature 
and pressure conditions to produce a range of aluminium 
hydroxides. 
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The hyd~olysis of aluminium isopropoxide was carried out in a 
reactor system described by Van Zyl et al. (1986a). In the 
initial experiments aluminium tripropoxide synthesized by the 
method of Bradley (1978) was used. An equivalent, commercial, 
high purity aluminit.m isopropoxide (99.999% purity Al metal 
base) was used in subsequent experiments. 
The reaction system was used to produce pseudoboehmite and 
bayerite as reported by Yoldas (1973). Hydrothermal boehmite 
was produced by autoclaving the synthetic pseudoboehmit e. 
a-Al 203 was produced by calcining the pseudoboehmite at 
1400 °C for 2 hours. As reported earlier, gibbsite always 
contains small amounts of sodium ions. Gibbsite was synthe-
sized by a modified alkoxide hydrolysis technique. The 
synthesis- and characterization of the materials are now dis-
cussed in detai 1. 
A 0.5 molar stock solution of aluminium isopropoxide in doub-
ly distilled iso-propanol was prepared and stored in a 
teflon-lined container under argon. A solution of 18 MQ em 
purity water was stored under argon in a teflon-lined vessel. 
Teflon-lined vessels were used to prevent silica contamina-
tion from glassware during storage. 
Pseudoboehmite was synthesized by contacting 200 ml 
(0.1 moles) of preheated (80 °C) alkoxide stock solution with 
300 ml (~16.6 moles) of preheated water in a static mixer, 
followed by stirring the resulting suspension in a jacketed 
vessel at 80 °C for 2 hours. The resulting suspension was 
aged for 24 hours at 20 ° C and then centrifuged. After cen-
trifuging the resulting gel was resuspended in distilled, de-
ionized water. This procedure was repeated three times before 
drying in a laminar air flow hood at 120 ° C. 
High purity a-Al 203 was made by heating a portion of the 
pseudoboehmite in a covered platinum crucible at 1400 °C for 
2 hours. 
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We 11-c rystallized hydrothermal boehmite was synthesized by 
• 
autoclaving a suspension of an equal mass of synthetic 
pseudoboehmite and 18 MQ em purity water in a teflon-lined 
autoclave for 24 hours at 200 °C and saturated steam press-
ure. The product was dried in a laminar air flow hood at 
120 °C. 
Bayerite was prepared by contacting 200 ml (0.1 moles) of 
pre-cooled (approximately 5 °C) alkoxide stock solution with 
300 ml (16.6 moles) of pre-cooled water in a static mixer, 
followed by stirring the resulting suspension in a jacketed 
vessel at 5 °C for 2 hours. The vessel was cooled to prevent 
the exothermic hydrolysis reaction from heating the suspen-
sion above 80 °C, the teflllerature at which pseudoboehmit e 
forms. After 2 hours at 5 °C, the cooling water was turned 
off and the suspension was aged for 60 hours at 20 °C. The 
resulting suspension was centrifuged and resuspended in dis-
tilled, deionized water. This procedure was repeated three 
times before drying at: 120 ° C in a laminar air flow hood. 
Gibbsite was synthesized by contacting 200 ml (0.1 moles) of 
the pre-cooled (5 °C) alkoxide stock solution with a 300 ml 
of water containing 0.015 g NaOH. The mixture was stirred at 
5 °C for two hours and then aged for 60 hours at 20 °C before 
centrifuging, resuspension and drying at 120 °C in a laminar 
air flow hood. 
3.2 RAW MATERIAL CHARACTERIZATION 
The dehydroxylation behaviour and transformation sequences of 
the aluminium hydroxides are considered to be central to the 
understanding and optimization of the synthesis of ~ "-Al 203 
from these materials. 
The aluminium hydroxides were subjected to DTA investigations 
and were heated to equilibriun (24 hours) at temperatures 
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ranging from 600- 1200 °C at 100 °C intervals. This study 
aimed at characterizing the dehydroxylation behaviour of the 
materials and determining their reordering sequences. 
A com~on feature of the thermal behaviour of all these mate-
rials is that most events involving exothermic or endothe=mic 
processes during heating occur below 600 ° C. The only detec-
table thermal event above 600 °C is the transf0rmation to a-
alumina which occurs between 1100 and 1200 °C for all materi-
als except diaspore which, as already noted, is the only form 
of aluminium hydroxide which transforms directly to a-alumin& 
at about 480 °C. All these materials lose the mo re than 98 
per cent of their lattice water below 600 °C. 
DTA traces we~e generated on a Du Pont 1090 thermal analyser. 
Approximately 0,1 g of the powdered sample was cor!l)acted at 
about 20 MPa to form a pellet of 4 mm diameter and approxi-
mately 6 mm thick. The sample was loaded into a platinum 
sample holder. An identically compacted high purity alumina 
was used as a reference material. The optimal heating and 
cooling rate was found to be 5 °C per minute. Two parameters 
were used to describe the thermal events appearing on the DTA 
traces. The peak temperature (.1\) was defined as the maximum/ 
minimum value of thermal event. The onset terrY,Jerature (B) 
was defined as the point of intersection of the baseline with 
the slope at the point of inflection of the thermal event. 
These two parameters are illustrated in Fig. 3.2. 
After heating to equilibrium in a Kanthal furnace, the sam-
ples were ground in a agate mortar and pestle together with 
2,5 mass per cent silicon XRD standard. Approximately 0,5 g 
of the powder mixture was mounted on a glass XRD sample 
holder and X-ray diffractograms were obtained from a Rigaku 
X-ray diffractometer (Model Geigerflex D.Max III) with a CuKa 
beam, generated at 40 kV and 25 rnA. The samples were all run 
in the 29 range (5°-70°) with a step-width of 0,02 °2e at 2 
seconds per step. 
3.2.1 
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The thern~l analysis and powder X-ray diffraction results are 
discussed under the respective aluminium hydroxide materials. 
Monohyd:rates (Boehmite and Pseudoboehmite) 
The X-ray diffraction patterns of the monohydrates are pre-
sented in Fig. 3.1. The pseudoboehmite shows broad bands 
which coincide with the strong reflections of the well-crys-
tallized hydrothermal boehmite. In the case of the pseudo-
boehmite, the peak position of the 020 reflection is shifted 
to a lower angle value than the hydrothermal boehmite. This 
shift in d spacing for the pseudoboehmite confirms the sug-
gestions by Papee, Tertian and Biais (1958) that pseudo-
boehmite cannot be regarded as a finely divided hydrother~al 
boehmite. This observed increase in d spacing is due to tr.e 
accommodation of excess water in the pseudoboehmite lattice. 
Figure 3.2 represents the comparative DTA traces of hydro-
thermal boehmite and pseudoboehmite. Both samples show sig-
nificant surface water loss as indicated by an endotherm with 
a peak position at 120 ° C. The pseudoboehmite sample shows a 
larger endotherm associated with the surface water loss than 
the boehmite sample. This is due to the larger surface area 
and smaller particle size of the pseudoboehmite sample when 
compared to the hydrothermal material. 
Pseudoboehmite shows a broad dehydroxylation endotherm with 
an onset temperature of 320 °C and a peak position of 450 °C. 
An exotherm with an onset temperature of 1200 °C and a peak 
position of 1220 °C was also noted. Upon cooling, no thermal 
events were observed confirming the suggestion that the 
transition aluminas are irreversible reordering sequences. 
At 600 °C the transition alumina derived from pseudoboehmite 
appeared to be a poorly crystalline material as indicated by 
the broad XRD reflections. The quality of the X--ray data was 
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FIGURE 3.2: Comparative DTA traces of monohydrate materials 
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very poor and it was difficult to index the transition alu-
minas. 
The pattems of pseudoboehmite heated to 900 °C could be 
indexed as n-Al 20 3 or poorly crystalline, highly disordered 
y-Al 20 3• At 900 °C the material contained traces of ~-Al203 
and some e-Al 20 3• After 24 hours at 1 000 °C the material 
had completely converted to a-Al 20 3• 
Hydrothermal boehmite showed a large dehydroxylation endo-
therm with an onset temperature of 4 30 ° C and a peak pas ition 
of 500 °C. A sharp exotherm with an onset te~erature of 
1240 ° C and a peak position of 1270 ° C denotes the shear 
transformation of the cubic transition alumina to hexagonally 
close-packed a-Al 20 3• Upon cooling, no thermal events we!'e 
observed. 
Hydrothermal boehmite formed Y-Al 20 3 when heated to equili-
briun at 600 oc. Around 700 oc traces of 0-Al 20 3 appeared 
while at 800 °C the majority of the material had converted to 
o-Al 203 with traces of y alumina remaining. At 900 - 1000 °C 
the material contained mostly 6-Al 203 and 0-Al 20 3• The idan-
tification of the phases by XRD at these temperatures wes 
complicated by the diffuse nature cf the XRD spectra of the 
different transition alumina phases. At 1100 ° C a:-Al 20 3 ap-
peared while traces of 0-Al 20 3 were still present. At 1200 °C 
all the material had converted to a-Al 20 3• 
The differences in dehydroxylation temperature and tempera-
ture of transformation to a-Al 20 3 of boehmite and pseudoboeh-
mite can be explained in terms of the relative ordering of 
these materials and their dehydroxylation products. When 
examining the X-ray diffraction traces of these materials 
(Fig. 3.1) a difference in the peak position of the 020 re-
flection as well as broadening of the peaks are noted. This 
increase in d spacing and peak broadening for pseudoboehmite 
3.2.2 
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indicates lack of cof11Jlete registry between layers and in-
creased accommodation of water between the [ Al 2(DH) 6Jn lay-
ers as suggested by Tertian and Pape~ (1958). The disorder 
in the accommodation of protons and OH groups implies lower 
bond strengths of the protons and the OH groups and hence a 
lower dehdroxylation tef11)erature, as was observed. The in-
creased d-spacing for pseudoboehmite also implies less 
resistance to diffusion for the protons and water, resulting 
in a lowering of the temperature of the dehydroxylation 
endotherm. 
The lower onset tef11)erature and smaller intensity of the 
pseudoboehmite exothe..rm shows that less energy is required to 
convert the material to a-Al 2D3 • The lower energy requirement 
for this shear transformation can be explained by suggesting 
that the pseudoboehmite dehydroxylation product has smaller 
domains of order than the boehmite dehydroxylation product. 
The domains of order in the dehydroxylation products of boeh-
r.li te and pseudoboehmi te are illustrated by TEM micrographs 
which are presented in Fig. 3. 3. These micrographs show 
hydrothermal boehmite to contain substantial domains of long 
range order while pseudoboehmite consists of a fine fibrous 
network of particles. 
Figure 3.4 shows the comparative thermogravimetric traces of 
boehmite and pseudoboehmite materials. The gradual mass loss 
over a wide temperature range in the case of pseudoboehmite 
material indicates the greater mobility of the lattice water 
in this material and the lower diffusion resistance caused by 
the smaller crystallite domain size and greater disorder. 
Trihydrates (Bayerite, Gibbsite) 
The X-ray diffraction patterns of the trihydrates are pre-
sented in Fig. 3.5. Both traces could be indexed as single 
phase gibbsite or bayerite materials. 
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TRANSITION ALUMINA 
DERIVED FROM BOEHMITE 
TRANSITION ALUMINA DERIVED 
DERIVED FROM PSEUDOBOEHMITE 
FIGURE 3.3: TEM photographs of the hydroxylation products of boeh-
mite and pseudoboehmite 
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Figure 3.6 represents the DTA traces of the synthetic baye-
rite and gibbsite. Both samples show surface water loss as 
indicated by an endotherm with a oeak posit ion of -120 °C. 
Gibbsite snows a dehydroxylation endotherm with an onset tem--
perature of 220 ° C and a peak position of 300 °C. A smaller 
endotherm with an onset te!nperature of 350 °C ar.d a peak 
position of 450 °C is present. No further thermal events are 
observed in the subsequent heating to 1300 °C and cooling to 
100 °C. 
Bayerite shows a small endotherm with an onset temperature of 
190 ° C and a peak position of 220 ° C followed by a major de-
hydroxylation endotherm with an onset temperature of 240 °C 
and g peak position of 300 ° C. Another endotherm i3 noted at 
i~50 °C. The trf:nsformation of y-Al203 to a:-Al203 is denoted 
by an exotherrn with and onset temperature of 1220 °C and a 
peak position of 1250 °C. No thermal events are noted upon 
cooling of the bayerite. 
Two features emerge from the thermograms of the trihydrate 
materials. In the case of bayerite, a small endotherm is 
observed prior to the main dehyd:::-oxylation event while the 
gibosite dehydroxylation endotherm is slightly broadened. 
These phenomena can be attributed to the formation of boeh-
mite by hydrothermal conditions set up during thermal analy-
sis inside larger trihydrate crystals by retarded diffusion 
of water out of larger grains. This effect, caused by local-
ized regions of increased steam pressure in the grains is 
referred to as micro-autoclaving. The formation of small 
amounts of boehmite from bayerite and oibbsite was confirmed 
by XRD analysis of trihydrates treated .1t 300 °C !'or 30 
minutes. The product contained transition alumina and traces 
of boehmite. The boehmite which is fcrmed by microautoclaving 
decomposes as the sample is heated. The endotherms with a 
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FIGURE 3.6: XRD patterns of the trihydrates 
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peak position of 450 ° C are evidence of boehmite decomposi-
tion. This phenomena was previously observed and reported by 
Goton (1955). 
While bayerite shows a definite exothermic transition to 
cc-Al 20 3 , the gibbsite material which contains small arnounts 
of sodium in the lattice, shows no visible thermal event in-
dicating a transition to cc-Al203 at 1300 a,.. \.. . It appears as 
if the trace amount of sodium inside the latti~e ~etards the 
transformation of the transition alumina to cc-Al 20 3• XRD in-
vestigations of the system indicated that the transformation 
from the transition alumina to cc-Al 203 was much retarded in 
the case of gibbsite. A precondition for the retardation is 
the inclusion of the sodium in the lattice during the synth-
esis of the hydroxide material. Small amounts of free sodium 
do not substantially influence the kinetics or te~erature of 
the transformation of the transition alumina to a-Al 20 3• 
The reordering sequences of bayerite and gibbsite were recon-
structed from the X-ray diffraction results on equillbri urn 
heated specimens. 
After heating to equilibrium at 600 ° C, bayerite produced 
11-Al20 3, simi.lar to the dehydroxylat.ion product of hydro-
thermal boehmite. At 800 °C, e-Al 203 was detected. cc-Al 20 3 
was detected at 900 °C but the material was only fully con-
verted to cc-Al 203 by 1200 °C. The DTA (Fig. 3.6) trace of 
the material showed no thermal events associated with the r e-
ordering sequences of the transition alumina but the onset of 
an exothermic peak was noted at 1250 °C. Thi3 exothermic 
peak was associated with the transition of 8 + a-Al 203• This 
te~erature was found to be considerably higher than the 
transition temperature for hydrothermal boehmite. 
Gibbsite always contains small amo~nts of sodium which influ-
enced the reordering sequence. At 600 °C the material co~-
50 
sisted of a highly diso!"dered n-alumina. The quality of the 
XRD traces made it difficult to distinguish between the 
transition aluminas. Between 600 and BOO °C the material 
could be indexed as ei t her n- or x-Al 20 3• x-Al 20 3 appeared 
at 900 °C and was present up to 1150 °C. Trace a1oour.ts of 
a-Al 20 3 were present at 1000 °C while the bulk of the mater-
ial had transformed to a-Al 20 3 by 1200 °C. The sodium in the 
material had reacted with some of the a-Al 20 3 to form traces 
of ~-Al203 which were detect~d at 1200 °C. The DTA (Fig. 3.6) 
trace showed no thermal events between 600 °C and 1400 °C. 
No exotherm corresponding to the formation of a-Al 20 3 from 
the x-Al 20 3 was detected on the DTA trace. The observed re-
ordering sequences of the synthatic aluminium hydroxide mate-
rials are presented in Table 3.1. 
These observations confirm the original work by St UfllJ f (195 0) 






























































































































































































































This chapter describes the systematic solid state reactions 
of the synthetic aluminium hydroxide raw materials with 
lithia and soda. A description of powder preparation and 
high temperature reaction procedures will be followed by a 
proposed mechanism for the formation of beta alumina from 
aluminium hydroxides. 
4 . 1 EXPERIMENTAL METHODS 
The five raw materials used in the solid state synthesis of 
beta alumina are listed in Table 4.1. 
TABLE 4.1: Raw materials used in the solid state synthesis of ~eta 
alumina. 
Material Preparative method J 
Monohydrate Boehmite Autoclaved synthetic pseudoboehmite I 
Alkoxide hydrolysis at 80 ° C I Pseudoboehmite 
Tr ihydrate Bayerite Alkoxide hydrolysis at 5 ° C 
Gibbsite Alkoxide hydrolysis at 5 °C 
containing 100 pp.n sodium 
Corundum ex-alumina I pseudoboehmite calcined at 1400 °C 
I 
Sodium and lithium were added in the form of Li 2C03 and 
Na2C03. Sodium carbonate is hygroscopic and was always 
dried overnight at 320 °C to ensure accurate batching. SodiL~ 
and lithium were added to the hydrate to obtain a composition 
of 84 mole per cent Al203, 13 mole per cent Na20 and 3 mole 
per ce~t Li 20 (90,53 mass per cent Al 203 , e,52 mass per cent 
Na20 and O, 9 5 mass per cent Li 20) . This composition was 
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chosen as it represents the central point of the pure 
~ "-Al 203 phase field in the phase diagram for Na 20, Li 2U and 
Al 203 system at 1500 ° C reported by Duncan and West (1983) . 
4.1.1. Powder Preparation 
Five powder batches were prepared with the specif ic aluminium 
hydroxide plus lithia and soda in the correct stoichiometric 
proportions. 
Each batch was prepared as follows.· Approximately 75 g of 
the aluminium hydroxide precursor was accurately weighed into 
a teflon beaker. The sodium and lithium carbonates were added 
in the correct stoichiometric proportions. A slurry was made 
by adding 100 ml of distilled water to the teflon beaker and 
lastly, 300 g of ZrO 2 grinding media (1 - 2 mm diameter 
spheres) was added to the slurry. The teflon beaker contain-
ing the slurry and grinding medi~ was fitted to an attritor 
mill and the slurry was milled at 850 rpm for 2 hours. After 
milling, the slurry was separated from the grinding media by 
sieving. The slurry was well dispersed and stable. No segre-
gation of the particles and the liquid media was observed 
after 6 hours. The aqueous slurry contained soluble sodi urn 
carbonate, sparingly soluble lithium carbonate and the insol-
uble aluminium hydroxide. 
The distribution of the sodium and the lithium in the slurry 
needs to be preserved during the drying process to ensure a 
homogeneous reaction mixture. Var i ous slurry drying techni-
ques such as solvent removal by heating, spray-drying and 
freeze-drying were previously investigated [ Van Zyl and 
Duncan (1986a) ]. Solvent removal by heating produced powders 
\'lith sodium and lithium inhomogeneities because of the dif-
ference in solubility of the two salts. Spray-drying produced 
powders of good homogeneity but poor stoichiometry because of 
the loss of a certain fraction of the material in the exhaust 
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gas. Freeze-drying proved to be the most acceptable drying 
technique as it produced homogeneous powders of controlled 
stoichiometry. Be cause of the convenience and reproducibili-
ty of freeze-drying, all slurries were dried in this way. 
The freeze-drying of the slurry consisted of two steps. The 
first step involved the rapid freezing of the slurry. The 
slurry was injected into a flask containing liquid nitrogen 
using a syringe with a bore of O, 5 mm. The stream of slurry 
broke up into droplets with a diameter of approximately 2 mm 
which froze rapidly in the liquid nitrogen ensuring composi-
tional homogeneity of the final product. The second step 
involved the tranefer of the frozen slurry globules together 
with some liquid nitrogen into a pyrex sample holder, which 
was subsequently fitted to a commercial freeze-dryer. All 
freeze-drying was carried out et a vacuum of 0,06 millibar 
and a condenser temperature of -50 ° C. Freeze-drying produces 
free flowing, homogeneous, unagglomerated powders suitable 
for reaction and sintering. 
Five batches of powder were produced using the above prepara-
tive techniques. All powders were stored under argon to pre-
vent adsorbtion of water by the hygroscopic salts. The yield 
was calculated and in each case the figure exceeded 98 per 
cent. 
4.1.2 Solid State Reaction and Characterization of Precursor Pow-
ders 
The reaction pathways of the aluminium hydroxides in the 
presence of the alkali salts, were investigated by the solid 
state reaction of the precursor powders at tefllleratures 
ranging from 600 ° C to 1200 °C in 100 °C intervals, and at 
1600 °C. 
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The reaction mixtures w-ere subjected to DTA investigations 
and the equilibrium reaction products at different tefY1Jera-
tures were investigated by X-ray diffraction techniques. 
These techniques are fully described in Section 3.2. 
Prior to reaction, the samples were corrpacted at 20 ~1Pa into 
cylindrical discs with a diameter of ebout 10 mm and a thick-
ness of about 5 mm. The COIY1Jacted samples were encapsulated 
in platinum foil to prevent ~oda loss to the furnace environ-
ment during reaction. The platinum-encapsulated samples were 
placed in an alumina crucible and reacted in a low thermal-
mass Super Kanthal furnace. In all cases the heating and 
cooling rates were 300 °C per hour, which corresponded to the 
DTA heating rate of 5 °C per minute. Samples were reacted to 
equilibrium (approximately 24 hours) at temperatures ranging 
from 600 - 1200 ° C at 100 ° C intervals. 
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4.2 RESULTS 
The results of the DTA and X-ray diffraction investigations 
of each material are discussed separately. 
A reaction mixture of a-Al 203, Na 2C0 3 and Li2C0 3 was prepared 
and reacted under the conditions described earlier. The 
a-Al 203 containing a reaction mixture was used to contrast 
the known crystallization pathway [Sugden and Duncan (1979)] 
with that of the aluminium hydroxide precursors. 
The DTA and TGA traces for the reaction mixture a-Al 203, 
Na 2C03 and Li 2Co3 are presented in Fig. 4.1. A strong endo-
therm with a peak position of 100 °C indicates a surface 
water loss of approximately 2~. A small endotherm with a peak 
position Of 500 °C indicates the deCO~OSition Of Li~Q3• 
The TGA trace confirms that this decoflllosition takes place 
over a te~erature range 450 - 650 °C. A broad endotherm 
with a peak position of approximately 650 °C denotes the 
deco~osition of Na2co 3 • lhe TGA trace indicates that the 
Na2co3 deco~osition occurs over the temperature 600 -
750 °C. After this te~erature no significant further mass 
loss was detected. 
The final thermal event in the heating of the reaction mix-
ture is an endotherm with a peak position of 780 °C. As no 
significant mass loss is associated with this event, it is 
assumed to be due to the partial transformation of a-Al 203 to 
y~aAl .02.' a intermediate product in the formation of beta 
alumina. In this reconstructive transformation of the a-Al 203 
oxygen sublattice the hexagonal close-packed structure is 
changed to a cubic close packed oxygen sublattice. ~on 
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FIGURE 4.1: DTA/TGA traces of !t-Al203, Li 2C 03, Na2C03 reaction 
mixture 
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The results of the equlibrium solic state reaction at 600 °C 
showed that some of the a-alumina had converted to soci um 
aluminate. The high temperature y-NaAlO 2 phase was repre-
sented at room terrperature as p-NaAl0 2 .6H20 instead of the 
expected ~-NaAl0 2 low temperature phase. The presence of 
p-NaAl0 2.6H 20 is explained by the high surface area of the 
reaction products which are readily hydrated by moisture upon 
cooling. This phase was first reported by Elliot and Huggins 
(1975). The appearance of ~-NaAl0 2 at higher reaction tempe-
ratures is explained by the decrease in the surface area of 
the reaction product resulting from grain growth. Figure 4.2 
illustrates this observation. 
The amount of sodium aluminate increased with reaction tempe-
rature. By 1100 ° C no a-Al 203 , or any form of NaAlO 2 could 
be detected by XRD as all the material had been converted to 
a two-phsse mixture of ~-Al 20 3 and ~"-Al 20 3 with the ~-Al 20 3 
phase predominating. At 1200 ° C the phase assemblage was 
essentially similar to the 1100 °C procuct, except that the 
reflections were sharper, indicating a degree of crystal 
growth. 
After ten minutes at 1 600 ° C, with a heating and cooling 
rate of 300 °C per hour the sample contained a mixture of 
~-Al 20 3 and ~"-Al 20 3 with the ~"-Al 20 3 phase predominating. 
The phase development of the ~eaction products derived from 
a-Al 20 3 is presented in Fig. 4.7.. 
4.2.2 Hydrotherreal boehmite 
The DTA and TGA traces of the hydrothermal boehmite, Na 2C0 3 
and Li 2co 3 reaction mixture are presented in Fig. 4. 3. An 
endothermal peak at 100 °C indicates surface water loss. In 
addition to the characteristic strong endothermic decomposi-
tion of boehmite with a peak position of about 450 °C, two 
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FIGURE 4.3: A DTA and TGA trace of the boehmite reaction mixture 
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ly. These two endotherms are absent in reaction sequence of 
a-Al 203 reaction mixture (Fig. 4.1), and can be explained as 
follows. The initial steam release from the aluminium 
hydroxide deccmposition causes the following reactions to 
take place: 
Li 2C0 3 + H20 + 2LiOH + C0 2 and 
Na 2C0 3 + H20 + 2NaJH + CO 2 
It is proposed that the endotherm at 300 °C represents the 
Li2C03 steam reaction while the endotherm 400 °C represents 
the Na 2C0 3 steam reaction. Therefore, the Na 2co 3 decomposi-
tion peak observed in the a-Al 2D3 reaction mixture at about 
650 ° C is absent. The absence of the lithi ur.1 carbonate 
decomposition endotherm cannot be confirmed because of the 
major dehydroxylation event at 500 °C. The TGA trace confirms 
the suggestion of steam solvation of the carbonate salts in-
dicating that the majority of mass loss occurs below 650 °C. 
In the other aluminium hydroxide reaction mixtures, the same 
steam solvation reaction of the carbonate salts is assumed to 
occur. 
After 600 °C, no detectable thermal events were observed for 
the boehmite reaction mixture. This would seem to indicate 
that the oxygen sublattice does not undergo a reconstructive 
transformation as observed in the a-Al 203 reaction mixture. 
The boehmite-containing reaction mixture at 600 ° C showed no 
traces of sodi urn aluminate by XRD. In most respects the 
600 ° C XRD pattern was similar to that of y-Al 20 3 , the dehy-
droxylation product of the pure boehmite material. The 
pattern of the sodium- and lithium-containing material had an 
additional peak in the region of 3:ZO 20 while the 400 and 440 
spinel peaks were shifted to lower angle values, indicating 
an increased d-spacing for these reflections. As the tempera-
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ture was increased to 900 ° C, the broad peak in region of 32? 
2e became progressively sharper. Between 600 and 900 °C nc 
new phases appeared. The additional peak at 32? 28 does not 
correspond to any of the known sodium aluminate J:tlases. At 
1000 ° C, this peak developed into the 110 and 111 ~"-Al20 3 
reflections. At 1200 °C only ~"-Al 203 was observed after 24 
hours of reaction time. After 10 minutes at 1600 °C with a 
heating and cooling rate of 300 °C per hour, the material was 
a well-crystallized, single phase ~ "-Al 20 3 • 
During the solid state reaction of boehmite with the alkali 
salts, no ~-Al 20 3 or sodium aluminate was observed as inter-
mediate products. The phase development of single phase 
~"-Al 20 3 from boehmite is shown in Fig. 4.4. 
4.2.3 Pseudoboehaite 
The DTA trace of relatively high surface area pseudoboehmite 
reaction mixture, Fig. 4.5, showed an endotherm just above 
100 °C corresponding to loss of adsorbed surface water. The 
onset temperature of the dehydroxylation process occurred at 
350 °C. The dehydroxylation endotherm is broadened end is 
completed by 500 °C. In addition to the standard endothermic 
peaks for the pseudoboehmite, an additional peak with an on-
set temperature of 230 ° C was observed. This broad peak can 
be ascribed to the reaction of the sodium and lithium carbon-
ate salts with steam as described earlier. The change in the 
position and shape of these carbonate reaction peaks corr~ared 
to the hydrothermal boehmite system, can be ascribed to lower 
temperature crystal water loss of the pseudoboehmite material 
( s ee Fig. 3. 4 ) • 
The exothermic event with peak temperature of 1150 ° C is in-
terpreted as some unreacted disordered transition alumina 
transforming to ~-Al 20 3 • However, an XRD pattern of the DTA 
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FIGURE 4.4: Phase development of single phase ~"-Al203 derived 
from hydrothermal boehmite 
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FIGURE 4.5: DTA trace of pseudoboehmite reaction mixture 
no a-Al20 3 • This implies that the a-Al20 3 had subsequently 
reacted with the soda to form a beta alumina product. 
After an equilibrium solid state reaction of pseudoboehmite 
with sodium and lithium carbonate at 600 °C, the reaction 
product appeared to be virtually amorphous, containing only 
two broad reflections in the 28 region of 44-4SO and 34-3fP. 
These two reflections remained broad up to 900 °C, although 
there was some sharpening of the peaks indicating an ordering 
of the structures as the temperature was increased. 
Two unidentified broad reflections appeared in the 28 regions 
of 32 and 370 but the quality of the X-ray data was too poor 
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to index these reflections. At 1000 ° C a product appeared 
which had a mixture of sharp reflections and broad bands. 
The sharp reflections could be indexed as peaks common to 
both the p-Al 20 3 and p "-Al 203 structures while the broad 
bands occurred in these regions where the unique, character-
istic p-Al 20 3 and p "-Al 20 3 peaks are located. This phenomena 
has been described previously by Morgan (1976) and the reac-
tion product is assumed to be an i.ntergrown polytype of 
p-Al 203 and p"-Al 20 3 and will subsequently be referred to as 
p/p "-Al 20 3• As the terrperature was increased to 1200 °C the 
peaks comm:Jn to both p-Al 20 3 and p"-Al 20 3 became sharper 
while the broad peaks characteristic of the intergrown mate-
rial persisted. Even after 10 minutes at 1600 °C, the inter-
grown structure persisted. It has been reported by De Jonge 
(1977) that this structure cannot be changed by temperature 
treatment below the melting point of the material. The phase 
development of the beta alumina intergrown product derived 
from pseudoboehmite is presented in Fig. 4.6. 
4.2.4 Bayerite 
A DTA trace of the bayerite reaction mixture (Fig. 4.7) indi-
cated the loss of surface water just above 100 ° C. The 
charactaristic dehydroxylation endotherm of bayerite with a 
peak position of 300 °C was very much broadened in the DTA 
trace of the reaction mixture. The onset terrperature for the 
thermal event was also lowered to 200 °C. As in the case 
with the reaction mixtures of boehmite and pseudoboehmite, 
this broadening is ascribed to the dissolution of the carbon-
ate salts by the steam released during heating. 
Apart from the small characteristic monohydrate dehydroxyla-
tion endotherm at 500 °C (refer Section 3.2) 1 no other 
thermal events were detected up to 1300 °C. This infers that 
no reconstructive transformation of the oxygen sublattice of 
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FIGURE 4.6: Phase development of the intergrown beta alumir.a de-
rived from pseudoboehmite 
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FIGURE 4.7: DTA trace of bayerite reaction mixture 
reaction with soda and lithia. This is in contrast to t ha 
behaviour of the a-Al 20 3 reaction mixture. 
At 600 ° C the bayerite reaction product appeared to be 
Y-Alz03 with an additional broad reflection in the 20::3 t> 
region. With an increase in te~erature, this broad reflec-
tion sharpened significantly. 
At 900 °C, a reflection not belonging to a sodium aluminate 
phase appeared. This peak which was well-defined at 1000 °C 
resolved into the 110 and 111 ~ "-Al20 3 peaks at 1100 °C. At 
1200 °C, pure ~"-Al 20 3 was the only phase present while after 
10 minutes at 1600 °C, only well-crystallized ~"-Al 20 3 could 
be detected. 
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In most respects, the crystallization pathway and products of 
bayerite were similar to that of hydrothermal boehmite. No 
sodium aluminate · or ~-Al 20 3 were detected as intermediates 
but in the case of bayerite, the low temperature 'precursor 
peaks' of ~·~Al 20 3 were slightly better resolved than in the 
case of the hydrothermal boehmite. 
The phase development of single phase ~ "-Al 203 from beyer it e 
is presented in Fig. 4.8. 
4.2.5 Gibbsite 
The DTA trace of the gibbsite reaction mixture (Fig. 4.9) 
showed a broadening of the characteristic major primary dehy-
droxylation endotherm with an onset telllJerature of 200 °C. 
This broadening can be ascribed to the dissolution cf the 
carbonate salts as previously described. Apart from a char-
acteristic monohydrate dehydroxylation endotherm with a peak 
position onset temperature of 500 °C, no other thermal events 
occurred while heating the material to 1300 °C. This infers 
that no reconstructive transformation of the oxygen sublat-
tice of the dehydroxylation product of bayerite occurs when 
reacted with soda and lithia. 
An analysis of the X-ray diffraction data of the reaction 
products of gibbsite as a function of temperature, showed 
that a poorly crystalline product similar to Tl-Al 20 3 was 
formed at 600 ° C and as the temperature was increased the 
product became more crystalline. By 900 °C broad peaks occur-
red in the regions where the intergrown ~/~"-Al 20 3 peaks are 
located. At 1000 °C, the peaks common to ~-Al203 and ~"-Al 203 
could be identified, with broad bands occurring in the 
regions where unique ~ and ~ "-Al203 peaks are located. At 
1200 °C the so-called intergrowths, as described for pseudo-
boehmite, were present and were maintained even after treat-
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FIGURE 4.9: DTA trace of gibbsite reaction mixture 
patterns, however, the intergrowths appear to have a differ-
ent character to those of the pseudoboehmite. In the case of 
the gibbsite reaction product, the intergrowth bands are 
skewed. This indicetes that a higher proportion of ~ "-Al 20 3 
phase is present than in the case of the pseudoboehmite 
intergrowths. 
The phase development of the ~/~" polytype is presented in 
Fig. 4.10. 
A summary of the crystallization pathways and 1200 °C reac-
tion products of the five materials are presented in Table 
4.2. 
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Three distinct types of beta alumina products were identified 
from the powder X-ray diffraction patterns. These products 
were derived by distinctly different reaction pathways. The 
evolution of each type of beta alumina powder product is dis-
cussed separately. 
Distinct two-phase mixtures of ~ plus ~ "-Al 20 3 were p reduced 
when a-Al 20 3 was reacted with sodiun and lithium salts at 
1200 °C. At this tefll)erature the proportion of ~ "-Al20 3 was 
about 40%. a-Al 20 3 has a hexagonal close packed oxygen lat-
tice with an [ ••• AB AB AB ••• ] stacking of the oxygen ions. 
The formation of ~ and ~'~Al 20 3 from this precursor requires 
a reconstructive transformation of the oxygen sublattice. 
The endothermic event at approximately 800 ° C is related to 
the transformation of a portion of the a:-Al20 3 to Y-NaAl0 2 
which subsequently reacts with the residual a:-Al 20 3 to form a 
two-phase mixture of ~ and ~ "-Al20 3• [}Jring these reactions 
the hexagonal close-packed sublattice of the corundum struc-
ture is transformed to a close-packed cubic sublattice. 
4.3.2 Pure ~"-Al 20 3 formation 
Hydrothermal boehmite and bayerite produced a single phase, 
distinctly crystalline ~ "-Al 203 when reacted \'iith sodium and 
lithium carbonates at 1200 °C. ~ "-Al20 3 was in both cases 
produced directly, with no traces of sodium aluminate or 
~-Al203 intermediates observed. The direct fGrmation of 
~ "-Al 20 3 from boehmite was first reported by Duncan (1983) 
amd Barrow et al. (1986). These authors made an important 
contributiun to the understanding of the direct formation of 
~ "-Al203 from hydrothermal boehmite. Barrcw (1986) pointed 
out that pure ~"-Al 2D 3 is only formed from boehmite which 
exhibits a long range order of the oxygen sublattice. 
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The crystal structures of monohydrate hydrothermal boehmite 
and trihydrate bayerite differ substantially. Bayerite con-
sists of densely packed layers with the aluminil.JTI ions ar-
ranged on the octahedrally co-ordinated lattice sites. The 
layers exhibit a hexagonal close-packed sequence with an 
[ ••• AB AB AB ••• J oxygen sublattice stacking. Boehmite also 
has a layered structure in which the Al ions are located in 
octahedral sites. However, in the case of the boehmite the 
OH ions are arranged on the outside of the layers and ensure 
the cohesion of the layers by hydrogen bonding. 
The differences in structure are responsible for the differ-
ent dehydroxylation behaviour observed for these materials. 
Dehydroxylation of bayerite occurs at an onset temperature of 
240 ° C while the hydrogen bonds in boehmite require higher 
temperatures to be broken. This results in an onset tempera-
ture of 500 ° C for the dehydroxylation of boehmite. 
Structural changes in the materials as a result of dehydroxy-
lation were observed in both mate~ials upon heating. Bayerite 
produced n-Al 203 , which has a cubic spinel-like crystal lat-
tice with a lattice constant a = 7,92 A. Y-~1 20 3 was formed 
when boehmite was dehydroxylated. This spinel-like lattice 
is tetragcnally deformed but is in all other cases similar to 
n-Al 203 • The tetragonal deformation of the y-Al 20 3 compound 
is illustrated by the splitting of the 440 and 400 lines of 
the spinel lattice as indicated in Fig. 4.11. The tetragonal 
deformation can be explained by the observation Jf Krishner 
(1971) who reported that the Al occupation in the boehmite is 
inherited by the y-Al 20 3 • Cunsequently the alumini lJTI ions 
occupy octahedral sites not usually occupied in spinel struc-
tures. 
The cubic n-Al 20 3 formed by the dehydroxylation of bayerite, 
does not retain the octahedral occupation of the aluminium, 
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FIGURE 4.11: Comparative XRD trace of Y-Alz03 and ~-Al 20 3 indicat-
ing tetragonal distortion 
Apart from the occupation of the octahedral sites, y- and ~­
Al20 3 are very similar. Si gr.ificantly, both compounds have 
an [ ••• ABC ABC ••• ] oxygen sub lattice which is maintained in-
tact until the shear ~rensformati~n to a-Al 20 3 , which occurs 
at about 1200 °C. 
A (1120) section through the idealized structure of ~"-Al 20 3 
(Fig. 4.12) shows that the compound consists of spinel blocks 
containing oxygen ions in the close-packed cubi~ arrangement. 
X-ray intensity calculations by Whittingham and Huggins 
(1971) supported by work of Le Cars et al. (1972) suggested 
that the most lH:ely arrangement of the oxygen is as follows: 
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[ ••• ABCABCABCABCABCABCAB ••• J - - - -
The underlined oxygen ion layer represents the conduction 
plane, which contains a third of the oxygen ions of the 
close-packed layers. The simila~ity in the stacking order 
of the oxygen sublattice of y-end n-Al 20 3 with the 
~ "-Al 20 3 oxygen sublattice suggests a possible mechanism 
by which ~"-Al 20 3 is formed directly from these transition 























{3 11 - Alumina 
FIGURE 4.12: A (1120) section through the idealized structure of 
13 "-Al203 
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After the dehydroxylation of boehmite or bayerite, lithium 
diffuses through a three-dimensional network of face-shared 
tetrahedra and octahedra of the close-packed cubic oxygen 
lattice of the y- and ~-alumina structures &nd ion exchanges 
with the residual hydrogen ione. The lithium ions stabilize 
the close-packed cubic oxygen sublattice. It has been demon-
strated by DTA that small amounts of lithium (~2 mol percent) 
considerably in~rease the tra~sformation temperature of the 
transition alumina to a-Al 20 3 • This increase in transforma-
tion temperature can be ascribed to the formation of a 
lithium-stabilized, close-pac~ed cubic transition alumina. 
In the proposed mechanism, the function of the lithium is to 
'pin' the cubic oxygen sublattice, which is formed upon d€hy-
droxylation. The sodium ions, which are larger than the oxy-
gen ions, are not accommodated in the crystal lattice at low 
temperatures. It is suggested that the sodi urn ions reside on 
the surface of the transition alumina grains as an amorphous 
soda phAse until a temperature is reached which makes it 
thermodynamically feasible for the sodium to diffuse into the 
oxygen sublattice to form the ~"-Al 20 3 conduction layers. 
When lithium is absent from the reaction mixture, the crys-
tallization pathway is substantially different and the reac-
tion product at 1200 °C contains a-Alz03, Y-NaAl0 2 , ~"-Al 20 3 
and ~-Al 20 3 • Consistent with the previous observations, the 
dehydroxylation of bayerite and boehmite produces Tl- and 
y-alumina respectively. When only sodiu;n is present, two 
simultaneous reactions take place during the heating of the 
reaction mixture. A portion of the transition alumina trans-
forms to a-Al 203 as no lithium is present to stabilize the 
close-packed cubic oxygen sublattice. The rest of the tran-
sition alumina proceeds to an unstabilized ~ "-Al 203 by the 
reaction of sodium with the material. The a-Al
2
03 reacts with 
the sodium to form ~- and ~ "-Al 203 mixtures via y-NaAl0 2 
intermediate. 
78 
At 1600 ° C, the reaction product of boehmite and soJa is 
similar to that of a material derived from the ~-Al203 pre-
cursor. 
The reaction products of the materials derived from boeh~ite 
and bayerite in the absence of the lithium, demonstrate that 
two important criteria must be satisfied to allow pure 
~ "-Al 203 to be formed. Firstly, a regular close-packed cubic 
oxygen sublattice must be formed upon dehydroxylation of the 
hydroxide material and secondly the sublattice must be main-
tained or stabilized to prevent the transformation to ~-Al 20 3 
before the reaction with soda can occur. 
4.3.3 Intergrown ~/~"-Al 203 Polytypes 
Disordered pseudoboehmite and gibbsite produced a reaction 
prcduct which was broadly classified as an intergrown ~/~"­
Al203 polytype. This material is characterized by the simul-
taneous presence of broad and sharp XRD peaks as discussed in 
Sections 2.5 and 4.2.3. 
Poulieff et al. (1978) and M:Jrgan (1976) reported these mate-
rials and suggested that they were formed from disordered 
precursors. According to Poulieff et al. (1978) intergrown 
~~~ "-Al 203 was formed as a consequence of the retention of 
the precursor stacking faults. Hodge (1983) postulated the 
epitaxial nucleation of ~ and ~"-Al 20 3 on the disordered sub-
strate followed by the subsequent growth of the phases. In 
none of the above cases, was the role of the lithium or an 
initial close-packed cubic oxide lattice alluded to. 
The formation of the intergrown phases can be explained by a 
modification of the model of Poulieff et 91. (1978). It has 
been demonstrated that both pseudoboehmite and gibbsite 
dehydroxylate to poorly ordered transition alumina phases. 
Pseudoboehmite produces a virtually amorphous transition 
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alumina product while gibbsite produces poorly ordered 
x-Al 20 3 after dehydroxylation. The hignly mobile lithium ions 
diffuse into the structure after dehydroxyletion, exchange 
for the hydrogen ions end stabilize the faulted cubic oxygen 
sublattice. As in the case of they- and n- Al 20 3 , sodium is 
accommodated on the surface of the grain. Because of the 
higher density of faults and irregularities in the transition 
alumina derived from pseudoboehmite and gibbsite, sodium dif-
fuses into the structure at lower temperatures to form beta 
alumina polytypes, which retain the original disordered 
oxygen sub lattice. The disordered sub lattice is partially 
maintained by lithium occupation of tetrahedral and octahe-
dral sites. The disordered ~/~"-Al 20 3 poly types are very 
stable once formed and the structures are retained even at 
1600 °C. 
When pseudoboehmite and gibbsite are reacted with sodium in 
the absence of lithium, a different reaction product and 
crystallization mechanism is observed. With no lithium pres-
ent to maintain the cubic oxygen sublattice, the disordered 
transition alumina converts to a:-Al 20 3 • The a:-Al 20 3 reacts 
with soda to form a distinctly two-phase mixture of ~ and 
~ "-Al 203 via a sodium aluminate intermediate. As in the c&se 
of boehmite and bayerite, the 1 600 °C product of pseudoboeh-
mite and gibbsite in the absence of lithium resembles that of 
an a:-Al20 3 derived material. 
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4.4 CONCLUSIONS 
On the basis of the three observed crystallization pathways, 
a generalized mechanism for the formatior. of beta alumina 
corrpounds from aluminium hydroxides and soda and lithia is 
proposed. Dehydroxylation of aluminium hydroxides produce 
cubic oxygen sublattices with a variety of oxygen stacking 
sequences. Three distinct classes of sublattices were report-
ed by Krishner (1971): An a-series with[ •.. AB AB ••. ] stack-
ing order (e.g. diaspore), a ~-series with [ ••. ABAC ABAC ••• ] 
stacking order (e.g. gibbsite) and a y-series with 
[ .•• ABC ABC ••. ] stacking order (e.g. boehmite, bayerite, 
nordstrandite). Collectively these materials are referred to 
as trar.sition aluminas and are stabilized by the presence of 
hydrogen ions. It is suggested that lithi um ions diffuse into 
the oxygen sublattice of the transition alumina and replace 
the hydrogen ions by ion exchange. The lithium ions pin the 
original oxygen sublattice and prevent the transformation to 
a-Al 203 as the temperature is increased. fhe sodium ions are 
associated with the surface of the aluminium oxide grain in 
an amorphous soda phase. When a sufficiently high tempera-
ture is r~ached, the sodium diffuses into the grains along 
regions of structural weakness, e.g. strain, stacking faults 
and dislocations etc. to form a conduction layer. Little 
rearrangement of the oxygen sublattice is observed which 
implies that the nature of the beta alumina product is crit i-




CONCLUSIONS AND FUTURE RESEARCH AREAS 
This thesis has reported the synthesis and characterization 
of a range of aluminium hydroxide materials from a common 
aluminium isopropoxide parent material. These synthetic 
aluminium hydroxides were used to produce a range of beta 
alumina powders by the solid state reaction with sodium and 
lithium carbonates. The solid state reactions were carried 
out over a wide temperature range and the reaction products 
were characterized by DTA and XRD methods. 
A qualitative mechanism for the formation of beta alumina 
powders from aluminium hydroxide precursors is proposed. 
Dehydroxylation of aluminium hydroxide precursors produce 
three distinct cubic oxygen sublattice types with different 
oxygen stacking sequences. These reordering sequences are 
called transition aluminas and are stabilized by the presence 
of hydrogen ions. It is suggested that the lithium stabilizer 
ions diffuse into the transition alumina matrix and replace 
the hydrogen ions by ion exchange. The lithium ions 1 pin 1 
the original oxygen sublattice and prevent the transformation 
to a-Al 203 as the temperature is increased. The relatively 
large sodium ions are associated with the surface of the alu-
minium oxide grain in an amorphous phase. When a sufficient-
ly high temperature is reached, the sodium ions diffuse into 
the grains to form P"-Al203. 
Little rearrangement of the oxygen sublattice is thus requir-
ed which implies that the nature of the beta alumina product 
is dependent on the order of the precursor sublattice. 
Pure P"-Al 203 is formed when lithium ions are exchanged for 
hydrogen ions in a transition alumina matrix with an y-oxygen 
sublattice [ ••• ABC ABC ••• ] followed by the reaction of this 
species with sodium ions. 
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An intergrown ~/~"-Al 20 3 polytype results from the reaction 
of sodium ions with either a disordered trqnsition alumina 
matrix or ~-oxygen sublattice [ ••• ABAC ABAC ••• ] in which the 
hydrogen ions have been exchanged by lithium ions. 
Distinct two-phase ~- and ~ "-Al 203 results from the recon-
structive transformation of either an a-oxygen sublattice [AB 
AB] or by the reaction of sodium with unstabilized aluminium 
hydroxide materials. 
The conclusions have an important impact on the raw material 
selection for the production of p "-Al 203 ceramic tubes. 
Hydrothermal boehmite of sufficient purity is a cheaper raw 
material than high purity a-Al 203 and woulJ reduce the pro-
duction costs substantially. 
Results from this thesis suggest further research in the fol-
lowing areas: 
Pure ~ "-Al 203 is formed when an ordered oxygen sublattice is 
reacted with lithium and sodium salts. Further investigations 
of alumini urn-containing precursors producing a well-ordered 
oxygen sublattice must be carried out. The degree of o~der 
in the sublattice needs to be quantified and related to the 
ability of the materials to produce only ~"-Al 20 3 when reBct-
ed with soda and lithia carbonates. 
Transition aluminas are known to produce poor X-ray diffrac-
tion spectra which makes it difficult to establish the exact 
crystallographic relationships between the transition alu-
minas and the beta alumina reaction products. The arguments 
in this thesis were based on the nature of the oxygen subla t-
tice and the role of lithium. Techniques need to be estab-
lished which would enable the establishment of the crystallo-
graphic relationships between the transition aluminas and the 
final beta alumina products. For example, .!.ow kV TEH techni-
ques may have some promise although initial work has shown 
problems in the thinning of powdered s'lmples. 
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